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AN ANALOG STUTIY OF AN AIRBORNE AUTOMATIC 

LANDING-APPROACH SYSTEM 

By James J. Adams 

SUMMARY 

Analysis indicates that it is possible to control an airplane in a 
landing-approach maneuver by means of an automatic control scheme which 
derives its error signals from airborne attitude-measuring equipment 
a d  cirbeme ra&r equipment tracking a target located at t'ne end of the 
runway. An malog study has been m d e  of such a system. A swept-wing 
jet fighter airplane was represented by six-degree-of-freedom equations 
with linear aerodynamic coefficients. The radar and attitude information 
was assumed to be free of any lag or dynamics. The control system using 
these radar and attitude measurements appears to be feasible. To a cer- 
tain extent the details of the system were also investigated. Factors 
such as various initial conditions, disturbances such as flap deflection, 
gGst disturbances, and radar noise were investigated. 

An idea of the maximum gains relating control-surface deflection to 
error signals that can be used is illustrated by the example used in the 
investigation. It was also shown that the attitude measurements needed 
to define the displacement errors must be measurements of Euler angles 
rather than the integral of body axes rotations. 
indicated under the circumstances of extremely large longitudinal error 
at short range, and a possible remedy was investigated. 

An instability was 

I"I!RODUCTI ON 

Approach systems that are presently in use, such as ILS and AGCA 
systems, require complex equipment on the ground. 
systems, an automatic approach system may be devised using a simple radar 
target on the ground and the radar tracking set and attitude-measuring 
equipment in the airplane. 
required in such a scheme could, in itself, be a worthwhile advantage in 

system has the advantage of allowing the complex parts of the system to 
be adjusted to match the individual characteristics of the airplane 
carrying this equipment. 

In contrast to these 

The simplicity of the ground equipment 

h providing bad-weather facilities for an airfield. In addition, such a 

J 
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An analog study has been made t o  determine the  f e a s i b i l i t y  of a 
Y control sys tem using perfect signals from the  airborne equipment. 

a cer ta in  extent the de t a i l s  of the system are a l so  investigated so that 
the results may be evaluated and compared with other systems. 

To 

DESCRIPTION 

General 

This analysis deals with the  problem of controll ing an airplane t o  
the landing-approach glide-slope center l i ne  using airborne equipment. 
Only the  straight-l ine par t  of the  approach i s  considered. 
f lare and touchdown i s  not considered i n  t h i s  analysis.  
assumed t o  be equipped with a tracking radar o r  similar target-seeking 
equipment capable of establishing the l i n e  of s igh t  between the airplane 
and a target located a t  or near the approach end of the runway, and a t t i -  
tude gyros which can measure the pitch,  r o l l ,  and direct ion angles of 
the airplane. A n  out l ine of the  complete system i s  given i n  the block 
diagram of f igure 1. A s  i s  shown 
i n  the figure, it was assumed that the rudder, a i lerons,  t h r o t t l e ,  and 
elevator  controls would be used t o  control the  airplane,  and that various 
outputs of the  airplane,  a t t i t ude  g y r o s ,  and radar, would be used t o  U 

posi t ion these controls.  

The f ina l  
The airplane was 

4 
(Symbols are defined i n  appendix A . )  

Error Signals 

The lateral and longitudinal e r ror  signals,  o r  outer-loop signals,  
were obtained i n  the following manner. 
obtainedby adding the radar deflection angle 
angle $,,. The geometry of t h i s  s i tua t ion  i s  shown i n  f igure 2. I n  
operational procedure it was assumed tha t  the magnetic heading of the  run- 
way would be added t o  the output of the  d i rec t iona l  gyro as a b ias  signal,  
so t h a t  the directional-gyro output would be a measure of the  deviation 
of the heading of the airplane from the  center l i n e  of the runway. The 
lateral error can be thought of as the angle between the  center l i n e  and 
a l i n e  drawn from the  end of the runway t o  the  airplane.  Similarly, the 
longitudinal e r ror  s ignal  i s  the sum of the radar elevation angle 
the  Euler p i tch  angle eeU, and a 2L0 bias s ignal .  

2 
added t o  the  longitudinal e r ro r  s ignal  so  that the airplane w i l l  be con- 

t r o l l e d  t o  a 2L0 glide slope. 

that the  airplane w i l l  be f ly ing  l eve l  when the  approach control  i s  turned 
on, and the airplane p i tch  angle tha t  ex i s t s  a t  that t i m e  will be refer- 
red t o  as the zero p i tch  angle. The airplane w i l l  then be controlled t o  

The la teral  e r ro r  s ignal  was 
8, t o  the N e r  yaw 

e,, 
This b ias  s igna l  i s  

I n  operational procedure it i s  assumed 
2 4 
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a flight-path angl6 2r0 below the i n i t i a l  f l i g h t  path. 

e r ro r  s ignal  is ,  then, the angle between a 2L0 glide slope and a l i n e  

drawn from the end of the runway t o  the  airplane,  as i s  shown i n  figure 2. 

The longitudinal 2 

2 

A s  the  basic philosophy of the approach system, it was assumed t h a t  
these e r ror  signals would command changes i n  bank angle and p i tch  angle. 
The commanded bank angle and the accompanying change i n  horizontal  force 
would tend t o  reduce the lateral  error, and the change i n  p i tch  angle, 
with the  accompanying change i n  direction of the forward veloci ty  vector, 
would tend t o  reduce the longitudinal e r ror .  

t o  add a bank-angle s ignal  

It was therefore necessary 

p d t  t o  the lateral e r ro r  and a pitch- ! 
angle s ignal  r q d t  t o  the longitudinal e r ror .  A given l a t e r a l  angular 

displacement would, therefore,  result i n  a proportional bank-angle change, 
and a given v e r t i c a l  angular displacement would r e su l t  i n  a proportional 
pitch-angle change. 

J 

The use sf t he  ermr sigmls described &ove would r e su l t  i n  an 
undamped motion i n  the mode representing the posit ion of the airplane 
with respect t o  the glide-slope center l i ne ,  similar t o  the motion of a 
spring-mass system. Fortunately, a sui table  damping s ignal  i s  readi ly  
avai lable .  
change of the posit ion of the airplane with respect t o  the center l i ne ,  
t h i s  variable can be used t o  damp the l a t e r a l  mode of motion. 
t he  E u l e r  p i tch  angle can be used t o  damp the longitudinal motion. 

Since the E u l e r  heading angle i s  proportional t o  the  rate of 

Similarly, 

One specif ic  purpose of the investigation was t o  determine the maxi- 
mum gains t h a t  could be used on the e r ro r  s ignals .  It i s  desirable t h a t  
these gains be as large as possible t o  insure precise control t o  the 
glide-slope center l i n e  i n  the presence of external  disturbances. It i s  
also desirable t o  adjust  the r a t i o  of the  e r ror  s ignal  t o  the damping 
s igna l  t o  insure a rapid response with sui table  damping. However, these 
s ignals  which damp the mode of motion which describes the  posit ion of 
the  airplane with respect t o  the glide-slope center l i n e  are a l so  a t t i -  
tude signals with respect t o  the airplane alone and can d i r ec t ly  a f f e c t  
the  short-period character is t ics .  
depends on the dynamics of the airplane. 

Their allowable magnitude therefore 
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Airplane and Autopilot 

e 

V 

The airplane was assumed to be a swept-wing fighter airplane, and 
was simulated by six-degree-of-freedom equations with linear aerodynamic 
coefficients. 
functions of Euler angles. 
listed in appendixes A and B. 
longitudinal and lateral modes of motion are given in table I. 
assumed that the type of airplane chosen for the example would very likely 
have some yaw and pitch damping augmentation to insure desirable damping. 
Those damping additions together with the roll-attitude and pitch-attitude 
control might be thought of as representing a typical attitude autopilot. 
The characteristics of the airplane in combination with these typical 
autopilot loops were kept constant throughout the investigations. The 
dynamic characteristics of the airplane-autopilot are listed in table I 
also. Perfect control servos were assumed throughout the investigation. 

The gravity terms were included in these equations as 
All of the symbols and equations used are 

The dynamic characteristics of the uncoupled 
It was 

Airspeed Control 

In order for the longitudinal error signal to operate in the manner 
described before, it is necessary that the airspeed be kept constaht. 
Therefore it was assumed that the throttle control was operated as a 
function of Euler pitch angle so that the change in thrust would approxi- 
mately cancel the change in gravity force along the longitudinal body 
axis. The thrust expression used in the equations included a first-order 
lag term with a 1-second time constant. Experiments have shown that this 
is a good representation for the thrust response of a jet engine when 
changes of the order of 20 percent of total revolutions per minute are 
called for. It is estimated that the approximate change in revolutions 
per minute that will be called for in this problem is within this range. 
In addition to the pitch-angle signal, an airspeed signal was added to 
the throttle control. 
-68 lb/ft/sec. 

The gain used for the airspeed feedback was 

Nonlinearity of Error Signals 

It should be noted that the description given before for the outer- 
loop error signals and presented in figure 2 is true only when the wings 
of the airplane are level. 
signals have no simple physical interpretation when the airplane is 
banked. 
are as follows: 

The angles that are described by the error 

The exact mathematical expressions for the perfect radar angles 

J [ i r  sec 8, - r - q sin 8, + p cos 8 tan 8 dt ea = ea,o + (1) ( a> 3 

L 
4 
9 
3 
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A p i c t o r i a l  def in i t ion  of the radar angles together w i t h  a sketch of the 
radar gimbal arrangement i s  given i n  figure 3 .  

The fundamental purpose of t h i s  investigation was t o  determine i f  
the e r ro r  signals, which a re  a function of the radar angles, could be 
used t o  command an airplane t o  a glide-slope center l i n e  during maneuvers 
t ha t  would cause changes t o  occur i n  a l l  of the  variables involved i n  
equations (1) and (2 ) .  

It should be real ized that i f  the radar ro ta t ion  was expressed as 
component orthogonal angles i n  the i n i t i a l  earth-axis system, the e r ro r  
s ignals  would s a t i s f y  the  description given before f o r  a l l  airplane posi- 
t ions .  
respect t o  the airplane were defined by two angles i n  the horizontal  and 
v e r t i c a l  planes of the earth-axis system, these angles would not be 
affected by a change i n  bank angle of the airplane.  
e r ro r  signals were t r i e d  once with re la t ive ly  low gains, and the indica- 
t i on  was tha t  they would be very sat isfactory.  
such space-system angles from t h e  given radar angles would require the 
presence of a complex computer i n  the control  system, and therefore that 
scheme was not examined i n  detail.  This i s  i n  contrast  t o  defining the 
or ientat ion of the l i n e  cf sight i:: the r a h r - a x i s  system i n  which, f o r  
example, a deflection angle would be traded f o r  an elevation angle when 
the airplane bank angle changed wo. The simplicity of mechanizing the 
control  system using the radar angles d i r ec t ly  as measured makes it 
desirable t o  use such a scheme if it can be made t o  give sa t i s fac tory  
r e s u l t s .  

That i s  t o  say, if the orientation of the l i n e  of sight w i t h  

Such ear th  orientated 

However, t o  manufacture 

One fur ther  thought concerns the angles measured by the d i rec t iona l  
and v e r t i c a l  gyros.  It i s  assumed that these instruments a r e  gimbaled 
t o  read Euler angles. A p i c t o r i a l  def ini t ion of Euler angles i s  given 
i n  f igure 4. 
shown i n  f igure 5(a) .  I n  t h i s  arrangement the  gyro spin axis i s  ve r t i ca l ,  
and p i tch  angle i s  measured on the inner gimbal. The ac tua l  angle meas- 
ured on t h i s  inner gimbal w i l l  deviate from the t rue  Euler angle depending 
on the combination of bank and pitch angles t ha t  ex i s t s .  
shows the amount of deviation t h a t  will be experienced. These deviations 
w i l l  be large f o r  p i tch  angles near 90' or bank angles near Po, but a re  
shown t o  be small f o r  the range of conditions experienced i n  the approach 
maneuver. It i s  a l so  possible tha t  the gimbals be arranged as is  shown 
i n  f igure 5(b), i n  which the spin axis i s  again v e r t i c a l  but the p i tch  
angle i s  measured on the outer gimbal. This arrangement would measure 

The gimbal arrangement f o r  a standard v e r t i c a l  gyro i s  

Reference 1 

q d t  instead of Euler p i tch  angle. Th i s  measure would a l so  be subject s 
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t o  deviation depending on the angle of bank and pitch,  and it i s  f e l t  
t h a t  these deviations would be similar t o  those incurred by the f i r s t  
arrangement. 

Similarly, the Euler y a w  angle can be measured by using the gimbal 

To use 
arrangement shown i n  figure 5(c) ,  i n  which the spin ax i s  i s  i n  the  hori- 
zontal plane and the yaw angle i s  measured on the inner gimbal. 
t h i s  arrangement a special  caging procedure would be required so  as t o  
have the spin axis  alined i n  a lmown direction, preferably i n  the direc- 
t i o n  of the runway. Such a procedure would be necessary t o  avoid locking 
the inner gimbal, which would occur i f  the airplane happened t o  be headed 
i n  a direction 90' t o  the spin axis. 
the  arrangement shown i n  f igure 5 (a) ,  which approximately measures sr dt.  

It would a l so  be possible t o  use 
L 
4 
9 
3 

The deviations peculiar t o  the individual gimbal arrangements were 

not represented i n  the equations, but the  e f f ec t s  of subst i tut ing s q  d t  
4 

r d t  f o r  qeU were investigated. For most of the f o r  OeU and r 

investigation, €leu and qeu were used i n  the e r ror  signals.  One 

inconsistency occurred, i n  that 

J 
[ q  d t  was used f o r  the  pi tch angle 

i n  the pitch-angle regulation 
t h a t  t h i s  inconsistency would 
It should a l so  be noted again 

regulation loop was 

J 

loop of the autopi lot .  However, it is f e l t  
have only a small ef fec t  on the results. 
t ha t  the bank angle used i n  the bank-angle 

and not Q(eu. 

Conditions Investigated 

Several d i f fe ren t  sets of i n i t i a l  conditions were used i n  the  inves- 
t igat ion.  
t ion,  consisted of a 10-mile range, a 3,000-foot lateral displacement 
from the center l ine ,  and an a l t i t ude  of 2,900 f ee t ,  which i s  600 feet  
above the glide slope. The airplane was assumed t o  be alined with the  
runway and f lying level .  The second case, which was assumed t o  be a 

range, a 3,000-foot lateral displacement, and an a l t i t ude  of 1,430 feet ,  
which was 300 f e e t  above the glide slope, and with €leu and qeU again 

The f i rs t  set, which was assumed t o  represent a normal condi- 

condition tha t  imposed a severe control s i tuat ion,  consisted of a %mile a 

# 
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zero. 
were tried. 
trimmed for level, constant-speed flight. 

Lateral displacements to both the left and right of the center line 
In all these cases the airplane was assumed to be initially 

Several disturbances such as might ordinarily be encountered were 
also investigated. These included flap deflection, an increase in the 
slope of the longitudinal force curve 

change in trim angle of attack, random gust disturbances, steady cross 
winds, noise, and bias errors on the radar signals. In some of these 
cases the airplane was assumed to be initially flying on the glide-slope 
center line. 

such as might result from a %' 

R.E3ULTS 

General 

l%e results obtained with the control equations that were selected 
as being optimum are shown in figures 6 and 7. 
first because of the convenience thereby created for presenting and 
enlarging on the various features of these control equations. 
trol equations are 

These results are presented 

These con- 

< 0.0436) (3a) dt flat 8, = -12elat t 2+,, + 2 J 

6, = -10e Z ong + 2.5(eeu + 2.3) + 0.32q + 0.64 J q  dt 

where 

e = 8, + OeU + 2.5' 
tong 

6, = o.5r 

AT = (14,800 sin e,, - 68 AV)= 1 

(4) 
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Throughout the figures,  where some other control equation i s  not s ta ted,  
it should be assumed t h a t  the above equations apply. 

In  figure 6 the i n i t i a l  conditions involve a range of 10 m i l e s ,  a 
lateral displacement of 3,000 feet ,  and a v e r t i c a l  displacement 600 feet 
above the gl ide slope. It can be seen that the airplane response and 
flight-path variations are smooth and w e l l  damped, and that the  f ina l  
lateral  and longitudinal e r rors  a re  very small. 
changes heading about 13O and pitches down about 5'. The p i tch  angle 
gradually approaches the  desired gl ide slope of -2.5', and the radar 
elevation angle approaches 0'. 
the l a t e r a l  e r ror  becomes less than the l i m i t  value. A t  this time the 
airplane banks so  as t o  decrease the  heading angle, and the airplane 
approaches the  center l i n e  i n  a smooth manner. 
tu re  of the time his tory is  the f a i r l y  high i n i t i a l  pitching veloci ty  
and ro l l ing  velocity that occur. This i s  pa r t ly  due t o  the f a c t  t h a t  
perfect  servos were assumed and therefore instantaneous control deflec- 
t i on  occurs a t  the beginning of the run. 
these rotat ional  ve loc i t ies  are due t o  the basic charac te r i s t ics  inherent 
i n  t h i s  l i nea r  control system and are unavoidable with t h i s  system. 
the present case the simple nonlinearity introduced by put t ing a l i m i t  
on the lateral e r ror  a l l ev ia t e s  the s i tua t ion  somewhat but not en t i re ly .  

The airplane i n i t i a l l y  

The 13' heading angle i s  maintained u n t i l  

The least desirable fea- 

However, t o  a large extent 

I n  

Figure 7 presents the results f o r  an i n i t i a l  condition t h a t  could 
be considered severe. These conditions include an i n i t i a l  range of only 
5 miles, a lateral displacement of 3,000 feet  and a v e r t i c a l  displace- 
ment of 300 f e e t  above the glide slope. The fl ight-path response i s  
such that  t h e  lateral  e r ror  s ignal  contains a l i g h t l y  damped small- 
amplitude osc i l la t ion  over the f inal  part of the run .  However, t h i s  
r e s u l t  is not judged t o  be unsatisfactory.  
on the longitudinal e r ro r  signal near the middle of the  run i s  the r e s u l t  
of the  change i n  bank angle that occurs a t  that point. 
occurs i n  the  last f e w  seconds of the run when the range approaches zero. 
This i s  t o  be expected when some e r ro r  ex i s t s  when the range approaches 
zero, and i n  ac tua l  pract ice  some provision would have t o  be made t o  
eliminate t h i s  character is t ic ,  e i ther  by returning control  t o  the p i l o t  
or by providing a switchover t o  an automatic touchdown control.  

The disturbance that occurs 

A divergence 

Effect of a Change i n  the Gain of the Damping Term 

The various features of the control l a w s  t h a t  are required t o  achieve 
the resul ts  presented above w i l l  be discussed now. Consider first the 
gains on the damping terms qeU and OeU. A s  was pointed out before, 
these terms add damping t o  the  mode of motion r e l a t ing  airplane posi t ion 
t o  the glide-slope center l i n e .  
regulating signals so far as the airplane motions are concerned, and can 
cause short-period osc i l la t ions  t o  develop i n  the  motion of the airplane.  

However, they are a l so  a t t i tude-  

L 
4 
9 
3 
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Figure 8 shows the e f f ec t  of varying these gains i n  the response t o  an 
open-loop s tep input i n  e i the r  l a t e r a l  or longitudinal e r ro r .  
ure 8(a) shows that w i t h  a gain as high as 6 on 

osc i l l a t ion  occurs i n  the l a t e r a l  mode of motion of the airplane.  It 
i s  concluded tha t  with the y a w  damping assumed f o r  the augmented a i r -  
plane, the gain on qeu would have t o  be less than 6. Actually, other 
considerations, which w i l l  be discussed i n  the following paragraph on 
l imi t ing  the l a t e r a l  e r ror ,  r e s t r i c t  the gain on 
I n  f igure 8(b) it i s  shown that w i t h  a gain of 2 on 

i s  beginning t o  develop i n  the longitudinal mode of motion. A computer 
l imi ta t ion  made it impractical t o  t r y  higher gains on t h i s  term, but it 
was concluded tha t  a gain of approximately 2 was as high as could be used 
on the OeU term. 

Fig- 
Veu an undesirable 

qeU even fur ther .  
eeU an osc i l l a t ion  

Error Signal  Gain 

The reason f o r  using a l i m i t  on the l a t e r a l  e r ro r  w i l l  now be d is -  
cussed. Shown i n  f igures  g(a)  and g(b) a re  the e f f ec t s  of increasing 
the gain on the lateral e r ro r  from -6 t o  -8 with no l i m i t  on t h i s  term. 
With a gain of -6, large i n i t i a l  peaks occur i n  p, q, and a. The 
peak i n  

t o  the p tern ir. 9, as shaim i n  eq i i t i on  (1). 'Rie peak i n  e 

i s  apparently due t o  the adverse p w  inherent i n  the airplane.  
gain of -8 the high response i n  p and q plus the f a c t  that the prob- 
lem i s  nonlinear causes a divergence o r  extreme osc i l l a t ion  t o  occur. 
This time h is tory  cannot be considered t o  be exactly correct  because 
some element of the computer saturated at various times during the run. 
However, the response was judged t o  be unsatisfactory.  
the main cause of the osc i l l a t ion  was the coupling between the l a t e r a l  
and longitudinal e r ro r  s ignals  brought about by the p 
equation f o r  8,. 

d i f f i c u l t y  was t o  place a l imi t  on the lateral e r ror .  
l i m i t  the ro l l i ng  velocity,  pitching velocity,  and bank angle commanded 
by a large i n i t i a l  e r ror ,  while a t  the same t i m e  would allow the e r r o r  
gain t o  be made as large as possible. The large e r ro r  gain would then 
insure precise control  when the error was reduced t o  within the  limits. 
Additional r o l l  damping would help also of course, but inasmuch a s  t h i s  
approach was not en t i r e ly  successful, it w i l l  be discussed l a t e r .  
l a t e r a l  e r ro r  was therefore a r b i t r a r i l y  l imited t o  a value that would 
c a l l  f o r  no more than 30' of ai leron deflection, or  a maximum bank angle 
of 15O. A s  a consequence of t h i s  l imi t ,  the maximum yaw-angle change 
that can be commanded is  a l so  limited t o  a value equal t o  30° divided by 
the gain on the qeu term. This maximum change would occur when the 

q i s  the r e s u l t  of the peak i n  elow, which i n  turn  i s  due 

lat 
A t  a 

It was f e l t  t h a t  

term i n  the 
The method used i n  th i s  investigation t o  avoid the 

This scheme would 

The 
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bank angle was 0, of course. In  order tha t  the lateral e r ro r  be corrected Y 

as quickly as possible, the gain on 
as t o  a l l o w  as large a change i n  y a w  angle as possible.  
between the requirements f o r  l a t e r a l  motion damping and rapid e r ro r  cor- 
rect ion i s  required. 
of -12 on the l a t e r a l  e r ro r  and a gain of 1.5 on 
occurred when the lateral e r ro r  came off i t s  stop. 

gave a response that had sa t i s fac tory  damping. qeu 
w i t h  a gain of -12 on the l a t e r a l  e r ro r  was therefore used. 
t h i s  l i m i t  on the l a t e r a l  e r ror  places a l i m i t  on the s i ze  of the i n i t i a l  
e r ro r  tha t  can be accommodated by the system. The t e s t  case w i t h  an in i -  
t i a l  range of 5 miles and a l a t e r a l  displacement of 3,000 f e e t  i s  close 
t o  the limit tha t  can be accommodated. 

$eu must be as low as possible so 

A compromise 

It was found i n  a typ ica l  case t h a t  with a gain 

A gain of 1.73 on 
qeU, a divergence 

A gain of 1.75 or  2 

The use of 

In  the longitudinal control l a w ,  i f  a gain of 2.5 is  used on the 
term, a gain as high a s  -10 can be used on the longitudinal e r ro r  €leu . The constant of 2.5' Z ong and s t i l l  achieve a deadbeat var ia t ion i n  e 

i s  added t o  the term so as t o  eliminate the b ias  e r ro r  that would 
r e s u l t  i n  the gl ide slope without t h i s  constant. 

QeU 

Effect of Changes i n  the Atti tude Quantities 

Figure 6 i l l u s t r a t e s  the e f f ec t  of using q d t  i n  the place of 

r d t  i n  the place of qeU. Comparing f igures  lO(a) and s OeU and 

q d t  i s  detrimental t o  the response, J 10(b) shows t h a t  the use of 

causing a divergence a s  i s  shown by the time h is tory  of q. A qual i ta-  
t i ve  explanation f o r  t h i s  divergence i s  as follows. Consider first the 

i f  the airplane were located s ta t ionary on the glide-slope center l i n e  
and underwent a pitching motion only. The radar elevation angle 8, i s  
s tab i l iz ing  and would command a change i n  elevator def lect ion which would 
cause the airplane t o  re turn  t o  zero elevation angle. The Euler p i tch  
angle command will cancel the radar-angle command. This arrangement 
sa t i s f i e s  the condition tha t ,  ideal ly ,  an airplane ro ta t ion  alone w i l l  
not change t h e  e r ro r  s ignal .  The Euler angle by i t s e l f  can therefore 
be thought of a s  being destabi l iz ing.  If the coeff ic ient  of the N e r  
angle were la rger  than the coeff ic ient  of the elevation angle, a diver- 
gence would occur. 

variation t o  the e r ro r  signal, e = -108, - 1OOe,, which would OCCUT 
zong 

Consider now the circumstances t h a t  can cause the 

* 

c 
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Euler angle term to be larger than the elevation-angle term even though 
their coefficients are equal. 
in elevation angle and Euler pitch angle according to the following 
relations: 

A pitching motion will cause variations 

. 
b ( 7 )  

It can be seen that if an initial radar deflection error 
pitching motion alone will cause a larger variation to occur in 
than in 8,. 
bank angle to occur so that in all practical cases the variation in 
will be larger than the variation In 

motion. However, if 

equation, the variation in 8, would be less than J q  dt even though 

some change in bank angle did occur. The error signal would therefore be 
destabilizing, and a divergence could occur. 

8, exists, a 

8,, 
However, a deflection error will also cause a ck-nge in 

8, 
8,, that results from the total 

q dt were used instead of OeU in the error s 

The use of fr dt (fig. 6(c)) in the place of $eu has little 

apparent effect on the resulting motions. 
error signal similar to that given above for the longitudinal error sig- 
nal would show that the variation in 

always be Larger than the variation in either qeu or s r  dt. As 

was stated before, €leu and qeU were used throughout the investigation. 

An analysis of the lateral 

8, due to a yaw motion would 

Airspeed Control 

Since the six-degree-of-freedom representation for the airplane 
allowed changes in airspeed to occur, it was necessary that some provi- 
sion be made to regulate the airspeed. A comparison of figures ll(a) 
and U(b) shows the effect of not having any provision for airspeed 
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regulation. 
quently the longitudinal e r ror  i s  not reduced. The primary provision 
f o r  airspeed regulation was the var ia t ion  of th rus t  as a function of 
Euler pitch angle so that the longitudinal component of gravi ty  would 
be canceled. To this  t h r o t t l e  control i s  added an airspeed feedback 
term t o  take care of changes i n  drag due t o  change i n  angle of a t tack.  
Figure l l ( c )  shows tha t ,  with t h i s  gain, th is  veloci ty  feedback by itself 
can regulate the velocity during a typica l  maneuver f a i r l y  w e l l ,  but not 
well  enough fo r  a successfu l  approach t o  be made. 
t ha t  the 

regulates the  velocity c loser  than the airspeed feedback by itself does. 
The combination of the two signals keeps the veloci ty  change within 
3 f e e t  per second during a typ ica l  run. 
figure l l ( a )  corresponds t o  a change i n  revolutions per minute from 
83 percent t o  70 percent f o r  a typ ica l  engine. 
t h a t  the velocity feedback was not necessary f o r  successful completion 
of the  typical  case shown i n  f igure 11. However, i n  other circumstances 
which will be discussed l a t e r ,  the veloci ty  feedback was more necessary. 
Also,  i n  these example cases, the gain on the Qeu term i n  the t h r o t t l e  
control  was made t o  match exactly the assumed weight of the airplane.  
I n  actual  pract ice  t h i s  s i tua t ion  would not always be present,  and t h i s  
i s  another reason f o r  having an airspeed feedback, t o  ad jus t  f o r  the 
d i f fe ren t  t h r o t t l e  se t t ings  that would be required by the e f f ec t  of 
varying airplane weight. 

With no airspeed control the veloci ty  diverges and conse- 

Figure l l ( d )  shows 
e,, command by i t s e l f  causes fairly large th rus t  changes and 

The change i n  th rus t  shown i n  

It could be concluded 

Disturbances 

I n  addition t o  the general control  disturbances t h a t  r e s u l t  from the 
various i n i t i a l  conditions described i n  the previous paragraphs, several  
miscellaneous disturbances t o  which an airplane can be subjected were a l so  
examined. The f i rs t  of these i s  the def lect ion of the landing f l aps .  In 
the previous cases the airplane was assumed t o  be trimmed i n i t i a l l y  with 
the f l a p s  deflected. In  the  present case it i s  assumed t h a t  the airplane 
i s  trimmed a t  the same airspeed w i t h  f l aps  up, and a t  zero t i m e  the f l aps  
a re  deflected instantaneously. 
of motion by adding sui table  constants t o  the l i f t ,  drag, and pitching- 
moment equations. 
t i a l l y  flying along the glide-slope center l i ne .  
a f t e r  the f l a p  i s  deflected the airplane trims a t  a new angle of a t tack  
and airspeed. 
the  ground w i t h  a glide slope 0.01 radian higher than normal. 
lar  d i f f i cu l ty  i s  encountered i n  t h i s  case. 

This act ion i s  represented i n  the equations 

Also, i n  t h i s  case the airplane was assumed t o  be ini-  
As is  shown i n  f igure 12, 

The airplane a l so  rises above the g l ide  slope and approaches 
No par t icu-  

I n  the next case the slope of the longitudinal force curve Cx, 
i s  changed from a posi t ive value t o  an equal negative value. 
represents the change i n  slope that would occur w i t h  some increase i n  
trim angle of a t t ack  and represents a condition where the drag force 

f o r  1 g f l ight  increases w i t h  a decrease i n  airspeed. As is  

This change 
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shown i n  f igure 13(a), the response of the airplane is  sa t i s fac tory .  
Comparing f igure l3(a) w i t h  f igure 7 shows that some changes occurred 
i n  the angle of a t tack  and velocity t i m e  his tory,  but these changes were 
minor. In  t h i s  case the airspeed feedback i n  the t h r o t t l e  control was 
necessary, as is  i l l u s t r a t e d  by figure l3(b) ,  which shows tha t  without 
t h i s  airspeed feedback the response was unsatisfactory.  
airspeed feedback the velocity and angle of a t tack,  and consequently, 
the  longitudinal error ,  diverged. 

Without the 

Another type of disturbance which has a large e f f ec t  on the precise 
control  of an airplane i s  the gust disturbance. 
of both random gust disturbances and steady cross winds was studied. 
Random disturbances were added t o  the B and a inputs t o  the airplane 
equations so as t o  simulate side gusts and v e r t i c a l  gusts.  However, no 
attempt was made t o  represent the ef fec t  of l ag  due t o  penetration nor 
lag i n  gust  e f f ec t  on the t a i l  of the airplane.  The random inputs were 
generated by a noise generator which had a f la t  power spectrum out t o  
30 cycles per second. 
w a s  shaped w i t h  a f i r s t -order  f i l t e r  so that  a break occurred i n  the 
power spectrum a t  a frequency that corresponded t o  a gust wave length of 
6,000 f e e t .  The gust inputs therefore approximately correspond t o  the 
measured gust charac te r i s t ics  reported i n  reference 2. 

Therefore, the e f f e c t  

The amplitude of the output of the noise genemtor 

Five d i f fe ren t  t i m e  h i s to r i e s  which show the e f f e c t  of random side 
gust inputs with root-mean-square values of 3 and 6 f e e t  per second a re  
presented i n  f igure 14. 
of the s ides l ip  which wouid be experienced i n  s t i l l  a i r  and s ides l ip  due 
t o  gusts i n  these cases, that is, 

Note that t o t a l  s ides l ip  is equal t o  the sum 

- 
B, = B + Bg 

- 
and t h a t  it is  p tha t  i s  plot ted in  these f igures .  The gust noise 
exci tes  the short-period l a t e r a l  and longitudinal modes of motions, but 
has l i t t l e  or  no e f f ec t  on the mode of motion re la t ing  airplane posi t ion 
t o  the glide-slope center l i n e .  
ance i s  a l so  plot ted i n  f igure lO(a), 

The measured mean square of the disturb- 

The e f f ec t  of random v e r t i c a l  gusts w i t h  root-mean-square values of 
Some disturbance t o  the ve r t i -  6 f e e t  per second i s  shown i n  figure 15. 

c a l  posi t ion of the airplane can be noted near the end of the runs i n  
these cases. For example, i n  the  second run the longitudinal e r ror  
reaches a value of 0.01 radian f o r  an ins tan t  a t  short  range. 
no serious e f f ec t s  were encountered. 

However, 

The e f f ec t  of lateral cross winds of 20 and 30 f e e t  per second is  
These cross winds cause the airplane t o  be pushed shown i n  figure 16. 

off the  center l i ne .  The r e su l t  i s  tha t  the airplane approaches the 
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runway at angles of approximately 0.015 and 0.025 radian, respectively,  
f r m  the center l i ne .  No other d i f f i c u l t i e s  were noted. 

The e f fec t  o f - v e r t i c a l  winds of 10 and -20 f e e t  per second i s  shown 
i n  f igure 17. Downward winds of 20 f e e t  per second caused r e l a t ive ly  
large ve r t i ca l  posit ion e r rors  t o  occur a t  short  range, and an instabll- 
i t y  occurred. Note that the osc i l l a t ion  appears t o  start i n  the lateral 
e r ror ,  and therefore apparently depends on some random lateral dis turb-  
ance, which i n  t h i s  case is  probably computer noise. Further evidence 
of t h i s  dependency i s  offered by that f a c t  that the time h is tory  could 
not be consistently repeated. O f  course, i n  ac tua l  pract ice  lateral 
disturbances would always be present. 

The extreme conditions that a re  necessary t o  make t h i s  i n s t a b i l i t y  
appear i n  the calculated time h i s to r i e s  are not likely t o  be encountered 
i n  actual pract ice .  
i t y  t o  occur indicates that a remedy might be necessary. 
was t r i e d  consisted of putt ing a f i r s t -order  f i l t e r  on the 
the elevator command equation. 
period motion which describes the posi t ion of the airplane with respect 

short-period motion of the airplane i tself .  It was f e l t  that since the 
f i l t e r  would allow the low-frequency var ia t ion  i n  
attenuated the high-frequency variation, the necessary w i n g  would be 
retained while the tendency f o r  short-period osc i l l a t ion  t o  develop would 
be reduced. 
2 seconds did eliminate the i n s t a b i l i t y  even when a v e r t i c a l  wind of 
-30 feet per second was assumed. 
the result was an unstable osc i l la t ion ,  similar i n  appearance t o  the  
osc i l la t ion  experienced with no lag term. It was concluded that the 
3-second time constant cut off too much of the low frequency 
Even though the f i l t e r  with the 2-second t h e  constant improved the  
response of the airplane i n  the  presence of gusts, it deter iorated the 
response t o  an i n i t i a l  displacement, as is  shown i n  f igure 18(b) .  

However, the demonstrated tendency f o r  t h i s  i n s t ab i l -  
The remedy that 

eeU term i n  
This term is needed t o  damp the long 

t o  the  glide slope, but it is a l so  an a t t i t u d e  s ignal  with respect t o  the 

e,, t o  pass while it 
f 

Figure 18(a) shows that a f i l t e r  with a time constant of 

When a 3-second time constant was used, 

eeu signal.  

The addition of noise with a root-mean-square value of 0.045 radian 

It was f e l t  that it was beyond the scope of the present 
t o  the radar angle signals had l i t t l e  or  no e f fec t .  
ures a re  given. 
investigation t o  study any other radar deficiencies that might a f fec t  
the system. 

Therefore, no f ig -  

Additional Rol l  Damping 

As was s ta ted  e a r l i e r ,  f a i r l y  large i n i t i a l  peaks occurred i n  time 
h is tor ies  i n  which an i n i t i a l  displacement from the glide-slope center 
l i n e  was present. Adding r o l l  damping t o  the airplane should decrease 

c 
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the amplitude of these peaks. 
does indeed reduce them. 
the speed of the lateral response and thereby also reduces the precision 
with which the lateral position of the airplane is controlled as is shown 
in figure 20 in which a random lateral gust input is included. 
but apparent bias error is evident in the last half of these time his- 
tories which was not-present when no additional roll damping was used. 
The addition of roll damping apparently is also incompatible with the 
use of the first-order filter on the 
bility that WBS caused by the vertical wind. 
combination resulted in an instability which did not occur when no addi- 
tional roll damping was used. 

Figure 19 shows that such an addition 
However, the additional roll damping reduces 

A small 

eeU term to eliminate the insta- 
Figure 21 shows that this 

CONCUTDING RTNARKS 

An snalysis of an automatic approach system, which uses information 
of the type that can be obtained by using airborne radar tracking a tar- 
get at the end of the runway and attitude-measuring gyros carried in the 
airplane, shows that such a control system is feasible. 
maximum permissible gains for the control terms relating control eurface 
deflection to displacement from the glide-slope center line can be obtained 
from the example used in the paper. 
the control effectiveness and the dpmics ef the aiqhoe-autopilot com- 
bination used in the example. Any variation in these factors would require 
some change in the gains. 
of the lateral error used in the control equation to achieve satisfactory 
results. 
cessful approach can be initiated but in exchange for the restriction, 
allows more precise control. 
urements necessary for determining the error signals must be measurements 
of Euler angles rather than the integral of body axes rotations for suc- 
cessful completion of the task. 
circumstances of extremely large longitudinal error at short range. 
correct for this condition a first-order filter was placed on the damping 
term OeU. This term is, of course, an attitude signal so far as the 
modes of motion of the airplane alone are concerned, and therefore can 
induce a tendency for short-period oscillations to develop. 
a first-order filter on e,, this tendency is reduced. Disturbances 
such as random gusts, steady cross winds, flap deflection, and radar 
noise were also investigated, and except for the instability mentioned 
before, no difficulties nor unsatisfactory conditions were encountered. 

An idea of the 

These particular gains are related to 

It was necessary to put a limit on the value 

This limit places a restriction on the area from which a suc- 

It was also shown that the attitude meas- 

An instability was indicated under the 
To 

By putting 

"his analysis has been made as realistic as possible by considering 
most of the nonlinearities introduced by radar and gyro gimbal effects, 
the complete equations of motion of the airplane, and the effects of gust 
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disturbances and initial alinement errors. The results show that imex- 
pected instabilities occur involving nonlinear oscillations and that the 
careful adjustment of system parameters is necessary to obtain successful 
results. In the development of an actual system which utilizes the prin- 
ciples considered in this paper, and in which maximm performance in the 
way of precision and rapid response is desired, an analog-computer investi- 
gation such as reported herein appears indispensable as a means of pre- 
dicting and avoiding difficulties. 

t 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., July 16, 199. 
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APPENDIX A 

SYMBOLS 

mass, slugs 

wing area, sq f t  

mean aerodynamic chord, f t  

w i n g  span, f t  

velocity,  ft/sec 

moments of i ne r t i a ,  slug-f t 

nondimensional radius of gyration 

a x i a l  force, lb 

side force, l b  

normal force,  l b  

ro l l i ng  moment, f t - l b  

pitching moment, f t - l b  

yawing moment, f t - l b  

2 
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cn = MZ 
+V0 2 

P 

T 

t 

P 

9 

r 

a 

P 
- a 

P 

air  density, slugs/cu f t  

th rus t ,  l b  

time, sec 

ro l l i ng  velocity, radianslsec 

pitching velocity,  radians /sec 

yawing velocity, radianslsec 

angle of at tack, radians 

angle of s idesl ip ,  radians 

angle between X-axis and velocity vector V; that i s ,  angle 
of a t tack  i n  s t i l l  a i r  

angle between X-axis and velocity vector V; t ha t  i s ,  angle 
of s ides l ip  i n  s t i l l  a i r  

J'eu J 'eu,#eu E u l e r  angles, radians ( f ig .  4 )  

'e radar elevation angle, radians ( f i g .  3 )  

'a radar deflection angle, radians 

u,v,w perturbation velocity components along the  X, Y, and Z axes, 
f t / s ec  

R range, miles 
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c 

c 
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6a total aileron deflection, radians 

6e elevator deflection, radians 

6r rudder deflection, radians 

S Laplace operator, per sec 

D nondimensional operator 

e longitudinal steering error, radians 2 ong 

lateral steering error, radians exat 

IILS nean-squ3re val1LIe nf dist1Jrbsnce 

ITlS root-mean-square value of disturbance 

n rotation of the line of sight 

5 damping ratio 

P period, sec 

K1,%, . . .KU constants 

x,y,z body axes 

q,Yr,Zr radar axes 

Subscripts: 

0 initial condition 

g gust 

t total 

Dot over quantity indicates differentiation with respect to time. 
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Stability derivatives are indicated by subscript notation; for 
example : 

* 

- &n cnr - - 
a -  rb 

2v 
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The equations used i n  the investigation are presented below. The 
airplane equations are writ ten about body axes, which are assumed t o  be 
the pr incipal  axes also.  A l l  s t a b i l i t y  derivatives were obtained from 
data or  calculated f o r  the airplane in  the  landing configuration a t  an 
angle of a t tack  of 9'. The small i n i t i a l  gravi ty  vectors, E u l e r  angles, 
and radar angles t h a t  would be caused by an i n i t i a l  angle of a t tack  are 
neglected. 
wri t ten f o r  an airplane with enough wing incidence so  t h a t  the wing can 
support the airplane a t  the assumed airspeed with the body axes al ined 
with the wind and ear th  axes. Iner t ia  coupling terms and the wq term 
i n  the X-axis equation were l e f t  out because it was f e l t  t ha t  they were 
negligible,  and t h e i r  omission simplified the solution of the equations. 

In  t h i s  respect the equations may be thought of as being 

Airplane six-degree-of-freedom equations are given below: 

- 
- m L(& - JL + cz u - cz,o COS e,, COS $eu + c 6, + cz,o hsc'  2 vo q) = cz(u/vo)vo a '6, 

m b  - -(j + r) = CY P - c ~ , ~  cos e,, s i n  geu + cy6 6, 
P r 

. 
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where 

czo = -0.91 

Z = 8.96 f t  

V, = 212 ft/sec 

2 
K~ = 0.722 

%2 = 0.062 

KX = 0.0167 2 

- aT  = -3.3 lb / f t / sec  
dV 

cx, = 0.63 

= xZ,, = -1.82 

c = -3.62 
za 

C = -0.172 
'6e 

cm(u/vo) = O 

CQ = -0.287 

s = 300 sq f t  

b = 34.5 f t  

I~ = 26,676 slug-ft2 

Iz = 33,943 slug-ft 2 

Ix = 9,148 slw-ft 2 

cx,o = -0.055 

cyB = -0*92 

'6r 

cnB = 

'nr 

cnp = -0*15 

= 0.247 C 

= -0.24 

c = -0.10 

czp  = -0.086 

n6r 

C z r  = 0.15 . 
C = -0.375 

2P 

'8, 
c = 0.011 
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C = -4.0 

= -0.373 
%e 
C 

c = -0.046 
'6, 

The airplane equat-ms with numerical coefficients Inserted 

6.05s = -0.154 + 0 . 6 3 ~  - 0.91 s i n  e,, + o.ooo062 AT 
VO VO 

become 

( 9 )  

U 6 . 0 5 ( ~ &  - q) = -1.82 .- - 3 . 6 2 ~  + 0.91 COS e,, COS geU - 0.1726, - 0.91 
VO 

(10) 

(11) 0.i86sq = - 0 . 2 8 7 ~  - 0 . 0 4 2 3 ~ ~  - 0.0846q - 0.3736, 

6.05(si + r )  = - 0 . 9 2 ~  + 0.91 cos e,, s i n  geu + 0.2478, (12) 

0.061~1- = 0 . 0 8 6 ~  - 0.019r - 0.0122~ - 0.106, (13) 

0 . 0 1 6 4 ~ ~  = -0.0868 + O.0122r - 0.0304~ + 0.0116, - 0.0466, (14) 

The E u l e r  angles are determined from the  calculated motions about 
the body axes i n  the fol lowing manner: 

L e t  

Z 3  = -sin €Ieu 

m3 = cos e,, s i n  geu 

n3 = cos e,, cos $eu 

Then 

23 = m3r - n3q 

A3 = 13q - m3P 

1i3 = n3p - 13r 
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The above equations are convenient for use on an analog computer. 
descriptive equations are as follows: 

More 

Qleu = p + q tan e,, sin geu + r tan e,, cos geU 

The radar angles are determined as follows: 

The velocities along the body axes are 

vx = vo 1 + - ( ;o) 

L 
4 
9 
3 

(24) 
.+ 
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= V, 1 + JL sin E vz ( vo) 

The velocities along the radar axes are 

Vxr = Vx COS 8, COS 8, + Vy sin 8, COS 8, - Vz sin 8, (27) 

Vyr = -Vx sin 8, + Vy COS 8, (28) 

'Zr = Vx cos 8a sin 8, + Vy sin 8, sin 8, + Vz COS 8, (29 )  

Then 

R = R, -[Vxr d t  

ee = ee,o + J - q cos 0, + p sin 8,)dt (34) 
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AT = ( K ~ ~  sin e,, + KllVo e)& 
When lateral gust inputs are used, the following substitutions are 

made : 

B, = B + B, 

and Bt is substituted for B in equations (E), (13), and (14). 

When vertical gust inputs are used, the following substitutions 
are made: 

% = & + a  g 

and a.+, is substituted for a in equations (9), (lo), and (ll) . 
When radar noise or bias errors are used, the following substitutions 

are made: 

8,' = 8, + Noise 

and 8,' is substituted for 8, in equations (35) and (37). 

88' = 8, + Noise 

and 8,' is substituted for 8, in equations (36) and (38). 

c 
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Configuration 

TABLE I.- AIRPLANE CHARACTERISTICS 

Other roots P, sec 5 

0.054 

Longitudinal I 

s + 2.15 

s + 0.0153 

A i r p l a n e  alone 
I 

Airplane + pi tch  damper 

+ pi tch  a t t i t ude  

A i r p l a n e  + p i t c h  damper + pi tch  

32.2 

4.63 

31 

3.6 

46.5 

3.6 a t t i tude  + t h r o t t l e  control  

Lateral 

A i r p l a n e  alone I 4.33 

Airp lane  + yaw damper 

+ roll a t t i t ude  

4.65 

2.73 

Airplane + yaw damper 

+ roll a t t i t ude  + roll damper 

4.72 

2.63 

. 

Autopi lot  Gains 

6, /P i tch  angle = 0.064 radian/radian 

Ge/Pitch ve loc i ty  = 0.32 radian/radian/sec 

G,/Yawing ve loc i ty  = o .5 radian/radian/sec 

6aJRol l  angle = 2 radian/radian 

S a / i o l l i n g  veloci ty  = o .7 radian/radian/sec 
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Figure 20.- Effect of random lateral gust disturbances in combination with 
additional r o l l  damping. e,,, = 6.520; = -3.14'; 
ee,,o = +eu,o = $eu,o = 0'; R = 5 miles; Pt = p0 + P,; 

Pg rms = 6 ft/sec; 6, = -12ezat + 2+eu + 2 l p  dt + 0.7~; 

6, = -10e + 2.5(OeU + 2.30) + 0.32q + 0.64 q dt; pt = + pg. s w 
zong 
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Figure 21.- Effect of combining additional r o l l  damping and a first-order lag 
on longitudinal damping in the presence of a vertical wind. = 00; 
e,,, = oo; eeu,o = -2.5O. - - a',,,, = 0'; R = 5 miles; 9 +eu,o 

6, = -12ezat + 2qeU + 2 

6, = -lOezong + 2.5(9,, + 2.5"- + 0.32s + 0.64 [q dt; 

a t = a + a g ;  LLr 

p dt + 0 . 7 ~ ;  

1 
1 + 2s 

s 
= -0.15 radian; wg = -30 ft/sec. 

NASA - Langley Field,  Va. L-493 


